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Introduction
Microtubules (MTs) are intrinsically polar fi laments with two structurally and functionally distinct ends, the plus-and the minus-end ( Desai and Mitchison, 1997 ; Howard and Hyman, 2003 ) . In cells, MT minus-ends are predominantly stable and often associated with the MT organizing center, whereas MT plus-ends spontaneously switch between phases of growth and shrinkage ( Desai and Mitchison, 1997 ; Howard and Hyman, 2003 ) . Growing MTs accumulate at their plus-ends multiple structurally unrelated factors collectively termed MT plus-end tracking proteins, or +TIPs ( Schuyler and Pellman, 2001 ; Akhmanova and Steinmetz, 2008 ) .
The most conserved and ubiquitous +TIPs are end binding proteins (EBs) ( Tirnauer and Bierer, 2000 ) . These are relatively small dimeric proteins which contain an N-terminal calponin homology (CH) domain, responsible for the interaction with MTs, a linker region of unknown function, and a C-terminal coiled coil domain that extends into a four-helix bundle, required for dimer formation (for review see Akhmanova and Steinmetz, 2008 ) . It has been proposed that dimerization is an essential feature required for the plus-end tracking behavior of the EBs and other +TIPs ( Slep and Vale, 2007 ) . EBs terminate with a fl exible acidic tail containing the C-terminal EEY/F sequence, which is important for self-inhibition and binding to various partners ( Hayashi et al., 2005 ; Akhmanova and Steinmetz, 2008 ) . Through their C-terminal sequences, EBs interact with most other known E nd binding proteins (EBs) are highly conserved core components of microtubule plus-end tracking protein networks. Here we investigated the roles of the three mammalian EBs in controlling microtubule dynamics and analyzed the domains involved. Protein depletion and rescue experiments showed that EB1 and EB3, but not EB2, promote persistent microtubule growth by suppressing catastrophes. Furthermore, we demonstrated in vitro and in cells that the EB plus-end tracking behavior depends on the calponin homology domain but does not require dimer formation. In contrast, dimerization is necessary for the EB anti-catastrophe activity in cells; this explains why the EB1 dimerization domain, which disrupts native EB dimers, exhibits a dominant-negative effect. When microtubule dynamics is reconstituted with purifi ed tubulin, EBs promote rather than inhibit catastrophes, suggesting that in cells EBs prevent catastrophes by counteracting other microtubule regulators. This probably occurs through their action on microtubule ends, because catastrophe suppression does not require the EB domains needed for binding to known EB partners.
Mammalian end binding proteins control persistent microtubule growth
Here we show that MT catastrophe suppression is the major activity of mammalian EBs in cultured cells; EB2 is much less potent compared with EB1 and EB3. This functional difference is, at least in part, due to substitutions in the CH domain. Furthermore, we show that the EBs can heterodimerize through their C-terminal part; we use this property to generate a dominantnegative mutant to confi rm the results of protein depletion experiments. Finally, we demonstrate that MT plus-end tracking, dimerization, and partner binding activities of the EBs can be separated; we make use of this fi nding to dissect the EB domains required for catastrophe inhibition.
Results

Mammalian EBs compete with each other for MT tip accumulation
To address the common and distinct functions of mammalian EBs we determined how they affect the distribution of each other. We used our previously developed short hairpin (sh) RNAexpressing vectors to deplete EB1, EB2, and EB3 in CHO-K1 cells ( Komarova et al., 2005 ) . In control CHO-K1 cells EB1 and EB3 antibodies stained ‫ف‬ 2 μ m-long comet-like structures with a peak of intensity near the MT ends ( Fig. 1 A , a) . In contrast, EB2 was distributed more evenly over the MT lattice and showed only a very slight accumulation at the tip ( Fig.1 A , a) . This was not due to competition between EB antibodies because the same result was observed when EB2 alone was stained ( Fig. S1 B, available at http://www.jcb.org/cgi/content/full/jcb .200807179/DC1). Depletion of EB1 had no effect on EB3 localization; however, it led to redistribution of EB2 to the outmost MT ends ( Fig. 1 A , a Ј ) . Depletion of either EB2 or EB3 had no effect on the distribution of the remaining EBs ( Fig. 1 , B and C , b, c) . Simultaneous depletion of EB1 and EB3 caused a redistribution of EB2 similar to that induced by the depletion of EB1 alone ( Fig. 1 D , d ). These observations demonstrate that the EBs accumulate at MT tips independently of each other and suggest that EB2 might be competed by EB1 and EB3 from the outmost MT tips. EB1 appears to be expressed in CHO-K1 cells at higher levels than EB3 (unpublished data), which probably explains why the single depletion of EB1, but not EB3, had an effect on EB2 localization.
Simultaneous depletion of EB1 and EB3 increases MT catastrophe frequency in the internal cytoplasm
We examined the roles of EBs in controlling MT dynamics by expressing YFP-tagged +TIP CLIP-170 to visualize MT growth or by microinjecting cells with Cy3-labeled tubulin. To achieve highly effi cient and uniform protein depletion, shRNA vectors were introduced into cells by nuclear microinjection. In control cells, MTs grew persistently from the centrosome to the cell margin where they underwent frequent transitions between growth and shortening, and the distribution of the growing plusends along the cell radius was steeply ascending, in agreement with previously published data ( Fig. 2 , A and C -E , Table I ) ( Komarova et al., 2002b ) . Depletion of single EB species had no effect on persistent MT growth ( Table I ; unpublished data for +TIPs and recruit many of them to the growing MT ends ( Akhmanova and Steinmetz, 2008 ) .
Recently, the plus-end tracking phenomenon has been reconstituted in vitro using purifi ed +TIPs from fi ssion yeast ( Bieling et al., 2007 ) and vertebrates ( Bieling et al., 2008 ; Dixit et al., 2009 ). EB1 and its yeast homologue, Mal3, were able to accumulate at the growing MT ends on their own, in the absence of other factors. Moreover, EB1 and Mal3 were required for the plus-end tracking behavior of other +TIPs, confi rming the idea that EBs form the core of plus-end tracking complexes. Measurements of EB protein dynamics showed that they exchange very rapidly at the growing MT ends ( Busch and Brunner, 2004 ; Bieling et al., 2007 Bieling et al., , 2008 Dragestein et al., 2008 ; Dixit et al., 2009 ), suggesting that they recognize some specifi c structural feature associated with MT polymerization.
Inactivation of EBs has profound effects on MT organization and dynamics. EBs are involved in MT anchoring at the centrosome ( Rehberg and Graf, 2002 ; Louie et al., 2004 ; Yan et al., 2006 ) and cilia formation ( Schroder et al., 2007 ) . The effects of the EBs on MT plus-end dynamics vary between different experimental systems. In budding yeast and in cultured Drosophila cells EB1 homologues make MTs more dynamic and decrease the time MTs spend pausing ( Tirnauer et al., 1999 ; Rogers et al., 2002 ; Wolyniak et al., 2006 ) . In Xenopus extracts EB1 stimulates MT polymerization, promotes MT rescues, and inhibits catastrophes ( Tirnauer et al., 2002 ) . Also, the fi ssion yeast homologue of EB1 inhibits catastrophes and stimulates the initiation of MT growth ( Busch and Brunner, 2004 ) . However, when reconstituted with purifi ed tubulin, both EB1 and Mal3 appeared to stimulate not only rescues but also catastrophes, suggesting that they alter MT end structure, possibly by increasing the size of tubulin sheets ( Bieling et al., 2007 ; Vitre et al., 2008 ) . It should be noted that another study on in vitro reconstitution of MT dynamics with purifi ed tubulin did detect catastrophe suppression by EB1 ( Manna et al., 2007 ) , while yet another study observed no effect of EB1 ( Dixit et al., 2009 ) . Structural studies suggest that the EBs probably act by enhancing lateral interactions between individual protofi laments and may affect MT lattice structure ( Sandblad et al., 2006 ; des Georges et al., 2008 ; Vitre et al., 2008 ) .
Despite these signifi cant advances, important questions remain unanswered. Does the in vivo modulation of MT dynamics by EBs depend on their interactions with their numerous partners? Is MT tip association of the EBs suffi cient to affect MT dynamics? Is dimerization important for different aspects of EB function? Do all EBs act in the same way? The latter question is particularly important for mammalian cells, which express three members of the EB family -EB1, EB2 (RP1), and EB3 (EBF3) ( Juwana et al., 1999 ; Su and Qi, 2001 ; Komarova et al., 2005 ) . So far, functional analyses have been mostly focused on EB1: depletion of EB1 in mouse fi broblasts promoted MT pausing and decreased the time MT spent in growth ( Kita et al., 2006 ) . Another study demonstrated the involvement of EB1 in formation of stable MTs ( Wen et al., 2004 ) . The other two EBs, EB2 and EB3, remained largely ignored, although analysis in differentiating muscle cells did point to a specifi c function of EB3 ( Straube and Merdes, 2007 ) . rameters of MT plus-end dynamics were not signifi cantly affected ( Table II ) ; for instance, MT rescue frequency remained unchanged. These data indicate that EB1 and EB3 are not required for MT rescue in CHO-K1 cells.
The acidic tail of EB1 required for partner binding is not needed for catastrophe suppression
To support the specifi city of our shRNA-based assays we performed rescue experiments with EB1 constructs insensitive to shRNA ( Komarova et al., 2005 ) . We co-microinjected the cells with a plasmid encoding YFP-CLIP-170 together with a vector co-expressing shRNAs against EB1 and EB3 and a rescue construct encoding either the full-length EB1 or EB1 ⌬ Ac (an EB1 deletion mutant lacking the last 18 amino acids). For the fulllength EB1 it was impossible to assess the effi ciency of substitution of the endogenous proteins with the rescue construct; this was, however, possible for EB1 ⌬ Ac by using the tail-specifi c EB1 antibody KT51, which does not react with EB1 ⌬ Ac but does detect the endogenous EB1 ( Komarova et al., 2005 ) . By combining it with the antibodies that detect total EB1 and EB3 pools, we could show that in cells co-microinjected with the EB1/EB3 shRNA vector and the EB1 ⌬ Ac mutant, the levels of EB2 and EB3 depletion). Next, we attempted to deplete all EBs but found that complete knockdown of all three EBs was incompatible with cell viability (unpublished data). However, EB1 and EB3 could be effi ciently depleted simultaneously: 3 d after shRNA microinjection the accumulation of EB1 and EB3 at the MT tips was uniformly diminished by ‫ف‬ 90% (Fig. S2 A) . In such cells, YFP-CLIP-170 signal at MT tips was diminished as described previously ( Komarova et al., 2005 ;  Fig. 2 B ) , but it could still be used as a reliable marker of growing MT ends, as the parameters of MT growth obtained with YFP-CLIP-170 were very similar to those obtained using subtracted images of Cy3-tubulin ( Table I ) . MT growth rate remained unchanged in these conditions; however, the length of microtubule growth episodes was decreased by a factor of 2 and only 30% of MT ends were concentrated near the cell margin ( Fig. 2 , C -E and Videos 1 and 2, available at http://www.jcb.org/cgi/content/full/jcb .200807179/DC1; and Table I ). Furthermore, MTs underwent catastrophe events in internal cell regions and not just at the cell margin; the catastrophe frequency increased 10-fold ( Table I ) . MT growth phases were often interrupted by pauses followed by shortening (Fig. S2 , C and D; Videos 1 and 2). By contrast, MTs in control cells showed hardly any pauses in internal cytoplasm (Fig. S2 , B and D; Videos 1 and 2; Table II ). Other pa- 
EB1 dimerization domain acts as a dominant-negative mutant
Because we could not achieve a complete knockdown of all EB species, we sought to design a dominant-negative mutant that could be used to remove the three EB family members from MT plus-ends. EBs dimerize through a thermodynamically stable coiled-coil domain in the C-terminal part of the protein ( Honnappa et al., 2005 ; Slep et al., 2005 ) ( Fig. 3 A ) . We fi rst investigated residual endogenous EB1 and EB3 proteins were negligible while the expression of the EB1 ⌬ Ac mutant was comparable to the level of endogenous EB1 in control cells ( Fig. 2 , F and G ). Both EB1 and EB1 ⌬ Ac expression fully restored persistent MT growth in EB1/EB3-depleted cells ( Fig. 2 H ; Table I ) . Moreover, we observed no difference in catastrophe frequency after the expression of either full-length EB1 or the EB1 ⌬ Ac mutant ( Table I ). This suggests that EB1 might control persistent MT growth independently of its interaction with the CLIPs, dynactin, CLASPs, APC, and other partners that bind to the EBs in a tail-dependent fashion ( Hayashi et al., 2005 ; Honnappa et al., Table I The catastrophe frequency (the number of transition events over time) was calculated for each cell and was presented as an average ± SD for the cell population. Table II The shortening rate ± SD was calculated from the histogram of displacements of shortening MT tips between successive frames using subtracted images. The rescue frequency (the number of transition events over time) was calculated for each cell and was presented as an average ± SD for the cell population.
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factors, and/or the presence of the linker region in EB1-C and EB1-C ⌬ Ac. Finally, we investigated if endogenous EBs heterodimerize. Using antibodies specifi c for the three EB species, we found no heterodimer formation with EB2, but a signifi cant co-IP of endogenous EB1 and EB3 ( Fig. 3 F ) . This result was not due to cross-reactivity of the used EB3 antibody with EB1 because we observed no co-IP of EB1 with the EB3 antibody from HeLa cells, where EB3 is expressed only at very low levels and is not immunoprecipitated effi ciently (unpublished data). A weak co-IP of EB3 with EB1 was also observed; the differences in efficiency of the co-IP of EB1-EB3 dimers with EB1 and EB3 antibodies is most likely caused by the fact that EB1 is expressed at higher levels than EB3 in CHO-K1 cells (unpublished data), and its relative proportion tied up in heterodimers is lower. Based on these data we conclude that EB1 and EB3 can form heterodimers in cells.
Formation of a heterodimer between a full-length EB molecule and the C-terminal fragment will produce a protein that would have only one MT-binding domain and a reduced affi nity for MTs (see below). In line with this idea, overexpression of EB1-C and EB1-C ⌬ Ac had a profound effect on the distribution of all EB family members, whereas the overexpression of EB1-NL had no consequences for the endogenous EB distribution (Fig. S1 , and unpublished data). Quantifi cation whether the EB dimerization domains are kinetically stable by mixing purifi ed C-terminal fragments of EB1, EB2, and EB3 (EB1/2/3c) in various combinations at 37 ° C and analyzing the mixtures by native PAGE at 4 ° C. We observed signifi cant and spontaneous heterodimer formation between EB1c and EB3c but only very little or no dimerization with EB2c ( Fig. 3 B , arrowheads) . This result suggests that EBs can potentially heterodimerize. We next investigated if the C-terminal domain of EB1 can disrupt the full-length EB1 and EB3 dimers, and indeed observed heterodimer formation ( Fig. 3 C , arrowheads) . Similar results were obtained when EB3c was mixed with full-length EB1 and EB3 (unpublished data). All analyzed proteins looked homogenous on denaturing and reducing gels ( Fig. 3 D ) , indicating that the appearance of additional bands on the native gels resulted from heterodimerization.
Next, we used co-immunoprecipitation (co-IP) to investigate whether heterodimerization can also occur in cells. The Cterminal EB1 fragments EB1-C and EB1-C ⌬ Ac (which lacks the acidic tail, Fig. 3 A ) , but not the N-terminal portion of EB1 (EB1-NL, lacking the coiled-coil domain and the C terminus, Fig. 3 A ) coimmunoprecipitated all three EB family members ( Fig. 3 E ) . It is unclear why the interaction between the dimerization domains of EB1 and EB2 was ineffi cient in vitro but did occur in cells; it could be infl uenced by temperature and buffer conditions, posttranslational modifi cations, additional cellular uninterrupted MT growth was similar to that in control cells ( Table I ) and the distribution of the growing plus-ends along the cell radius was steeply ascending ( Fig. 4 E ) . In contrast, the over expression of the EB1-C ⌬ Ac severely reduced the length of MT growth episodes ( Fig. 4, B and D ) . Although the rate of MT growth ( Fig. 4 C ) or parameters of MT shortening ( Table II ) did not signifi cantly change, the catastrophe frequency was increased similarly to the effect of EB1/EB3 depletion ( Table I ) . MT dynamics alteration led to a dramatic reduction in the proportion of growing plus-ends at the cell periphery ( Fig. 4 E ) . We conclude that mammalian EB1 family members ensure persistent MT growth in cells.
Monomeric EB3 mutant tracks growing MT ends in cells and in vitro
The dominant-negative EB1 mutant strongly suppressed anti-catastrophe activity of endogenous EBs without causing their complete depletion from MT tips (Fig. S1) . A possible explanation of this result is that the heterodimeric proteins containing one MT-binding domain are still able to bind, albeit weakly, to MT ends. Indeed, while by themselves GFPtagged EB1-C or EB1-C ⌬ Ac were diffusely distributed in of the EB signals demonstrated that only 21 ± 6%, 27 ± 10%, and 13 ± 5% (average ± SD) of EB1, EB2, and EB3, respectively, remained at MT ends in cells expressing the EB1-C ⌬ Ac mutant. We conclude that C-terminal fragments of EB1 act in a dominant-negative fashion, reducing the accumulation of all three EBs at MT tips.
Overexpression of the dominant-negative EB1 fragment increases catastrophe frequency
We next analyzed the effect of EB1-C ⌬ Ac expression on MT dynamics. This EB1 fragment is defi cient in binding to CLIPs, p150 Glued , CLASPs, APC, and MCAK and is therefore not expected to directly infl uence these +TIPs ( Hayashi et al., 2005 ; Honnappa et al., 2005 ; Komarova et al., 2005 ; Mimori-Kiyosue et al., 2005 ; Weisbrich et al., 2007 ; unpublished data) . MT growth was analyzed using Cy3-labeled tubulin or YFP-CLIP-170 in cells overexpressing either EB1-C ⌬ Ac or EB1-NL ( Fig. 4 , A and B ; Table I ). The latter protein, when overexpressed at high levels, bound weakly along the whole MT lattice and its overexpression did not affect the growth rate or MT growth persistency ( Fig. 4 , A, C, and D ; Table I ). The mean length of MT tips in the absence of dimerizer and was strongly bound to MT ends after dimerizer addition ( Slep and Vale, 2007 ) . This result was interpreted as an indication that dimerization is essential for the plus-end tracking behavior. An alternative explanation is that monomeric CH domain-containing EB fragments do not effi ciently compete with endogenous EBs for MT tips the cytoplasm, these proteins were weakly recruited to the distal MT stretches when a full-length EB3 tagged with mRFP was overexpressed in the same cells ( Fig. 5 A and unpublished data) .
A previous study showed that the N-terminal part of EB1 fused to a regulated dimerization domain was unable to bind to lation of EB3-NL-mVenus at the growing MT tips, while its MT lattice binding did not signifi cantly change ( Fig. 6, E and F ) . In contrast, comparable levels of monomeric EB3-NL-mVenus had no effect on the accumulation of mCherry-EB3 at the tips of MTs ( Fig. 6, E and F ) , indicating that the dimeric full-length protein has a higher affi nity for the growing MT ends.
Dimerization is required for the anti-catastrophe activity of EB3 in cells
We next set out to test which EB domains are important for MT catastrophe suppression. To be able to screen a broad panel of mutants, we switched to transient cotransfection of shRNA and rescue constructs, which contained a fl uorescent tag and therefore could be directly used to detect MT growth ( Fig. 7 ) . As a measure of persistent growth, we calculated the percentage of tracks longer than 7.5 μ m (approximately half of the cell radius) ( Fig. 7 ) . We measured this parameter in control cells by using direct MT labeling with mCherry -␣ -tubulin and visualizing MT outgrowth from the centrosome within a photobleached cell sector (Fig. S2 E) , and by labeling growing MT ends either with GFP-CLIP-170 or EB3-GFP. All three methods produced consistent results and although we used transfection instead of microinjection, MT growth parameters were quite similar to those described above ( Fig. 7 ; Figs. S4 and S5, available at http://www.jcb.org/ cgi/content/full/jcb.200807179/DC1). Also under these conditions we observed a strong reduction of persistent MT growth when EB1 and EB3 were depleted, while MT growth rate was not signifi cantly affected (Figs. S4 and S5) . In control cells the percentage of tracks longer than 7.5 μ m exceeded 80%; it was reduced to ‫ف‬ 40% after simultaneous EB1/EB3 depletion ( Fig. 7 ;  Fig. S4 ). The results obtained with GFP-tagged CLIP-170 and mCherry -␣ -tubulin were again very similar ( Fig. 7 ) . Further, by cotransfecting mCherry -␣ -tubulin with hemagglutinin (HA)-tagged EB1-C ⌬ Ac and monitoring MT growth in photobleached regions, we confi rmed the severe disruption of MT growth persistence by this dominant-negative mutant of EB1 ( Fig. 7 ) .
Persistent MT growth was completely restored by the expression of the full-length EB3 with a C-terminal GFP tag, or by the GFP-EB3-⌬ Ac fusion, lacking the acidic tail ( Fig. 7 ; Fig. S4 ). These results are fully consistent with those obtained with untagged EB1 constructs ( Fig. 2 H ; Table I ), and indicate that the N-or C-terminal GFP tag does not interfere with the catastrophesuppressing activity of EB3. In contrast, the monomeric protein EB3-NL-mVenus displayed no rescue activity, indicating that accumulation of a single EB3 CH domain at MT ends is by itself insuffi cient for catastrophe inhibition.
We next tested the artifi cial EB3 dimers in which the EB3-N or EB3-NL fragments were fused to the GCN4 leucine zipper or FKBP. Interestingly EB3-NL-LZ (but not EB3-N-LZ or the EB3-N-FKBP fusion, with or without dimerizer addition) displayed a signifi cant anti-catastrophe activity: the proportion of long MT growth tracks was increased to ‫ف‬ 75% ( Fig. 7 ; Fig. S4 ). Because EB3-NL-LZ is completely devoid of any sequences responsible for the binding to the known EB partners, its anticatastrophe activity is most likely due to its effect on the MT tip. We conclude that in cells anti-catastrophe activity of EB3 requires dimerization of the CH domain and is sensitive to the and therefore their accumulation at MT ends is low. If this assumption were correct, the binding of monomeric CH domaincontaining EB fragments to MT tips should improve in the absence of endogenous EBs. To test this idea, we fi rst confi rmed that the EB3 N-terminal portion, artifi cially dimerized by the addition of the leucine zipper (LZ) domain of GCN4 (EB3-NL-LZ), effi ciently accumulated at MT tips, indicating that the coiled-coil domain and the acidic tail of EB3 are not needed for plus-end tracking ( Fig. 5, B and H ; see Fig.7 for a scheme of the fusions). An artifi cial dimer of the EB3 CH domain lacking most of the linker region (EB3-N-LZ) also tracked plus-ends, albeit less effi ciently ( Fig. 5, C and H ) , indicating that the linker region of the EBs contributes to MT binding but is not essential. Next, we fused EB3-N to the homodimerization domain FKBP; as a monomer, it showed hardly any plus-end tracking in control cells (unpublished data) but displayed MT end accumulation, albeit weak, in cells depleted of EB1 and EB3 ( Fig. 5 E ) . Plusend accumulation of this protein was enhanced by dimerizer addition ( Fig. 5, F and H ) , indicating that the monomeric version of the construct can still plus-end track, but dimerization enhances its binding to MT tips.
To exclude potential weak dimerization of EB3-N through FKBP or GFP, we next tested whether EB3-N or EB3-NL fused to a monomeric version of the fluorescent protein Venus (mVenus) can bind MT tips. EB3-NL-mVenus displayed clear plus-end tracking in EB1/EB3 knockdown cells but only a weak plus-end binding in control cells ( Fig. 5, D 
, G, and H ). EB3-NmVenus showed no plus-end accumulation (unpublished data), indicating that the linker region contributes to MT binding, in line with the recently published data on Mal3 ( des Georges et al., 2008 ).
To investigate the oligomerization state of EB3-NL-mVenus, we fused it to a 6xHIS tag and purifi ed it from bacteria. Sizeexclusion chromatography and static light scattering (SLS) analysis yielded an average molecular mass of 56.3 kD (Fig. S3 A, available at http://www.jcb.org/cgi/content/full/jcb.200807179/DC1), in agreement with the calculated molecular mass of the protein (51.4 kD). This result shows that EB3-NL-mVenus is indeed a monomer. In contrast, GFP-EB3 displayed an average molecular mass of 128 kD (Fig. S3 A) , consistent with the formation of a dimer (calculated molecular mass 127.8 kD).
We next used purifi ed full-length GFP-EB3 and EB3-NLmVenus fusions to reconstitute plus-end tracking in vitro using the approach described by Bieling et al. (2007) . Both the fulllength EB3 dimer and the monomeric EB3-NL-mVenus protein weakly decorated the MT lattice and strongly accumulated at the growing plus-and minus-ends; the labeling of the rapidly growing plus-ends was higher than that of slowly growing minusends ( Fig. 6 , A -D ; Videos 3 and 4, available at http://www .jcb.org/cgi/content/full/jcb.200807179/DC1). Collectively, our results show that a single CH domain is capable of recognizing growing MT ends in the absence of other +TIPs, and that this process does not rely on dimer formation.
To show that monomeric EB3 binds MT tips less efficiently compared with the dimer, we performed in vitro competition experiments. Increasing levels of purifi ed mCherry-tagged or untagged full-length EB3 were able to suppress the accumu-nifi cantly compromised the catastrophe-inhibiting activity of EB3 ( Fig. 7 ; Fig. S4 ).
To get insight into the differences between the CH domains of EB3, EB2, and EB1 (see Fig. 8 A for sequences), we solved the x-ray crystal structure of EB3-CH domain at 1.4 Å resolution (Table S1 ). The structure of the CH domain of EB3 is very similar to the ones of EB1 ( Hayashi and Ikura, 2003 ; Slep and Vale, 2007 ) and its yeast orthologue Bim1 ( Slep and Vale, 2007 ;  Fig. 8 B ) . It is formed by seven helices that pack around the central and conserved helix ␣ 3. We failed to obtain crystals of EB2-CH; however, because of the high sequence identity between the CH domains of EB1 and EB2 we modeled the EB2-CH structure (see Materials and methods). Using the structures of the CH domains of EB1 and EB3, together with the structural model of EB2 we analyzed and mapped surface residue differences between the three EBs ( Fig. 8, C and D ) . Based on the data from Slep and Vale (2007) , we also mapped conserved residues that abrogated MT plus-end tracking of EB1 in cells ( Fig. 8, C and D , blue and adjacent linker sequences, suggesting that the features that increase MT tip association of the EBs are benefi cial for catastrophe suppression.
Differences between the N-terminal parts of the EB2 and EB3 CH domains have a large impact on their catastrophe suppression activity
The presence of EB2 alone was insuffi cient to support processive MT growth ( Fig. 2 B ) ; also an overexpression of the GFPtagged or untagged EB2 could not rescue the effect of EB1/EB3 depletion ( Fig. 7 ; Fig. S4 ; and unpublished data). EB2 differs from EB1 and EB3 by the presence of an ‫ف‬ 40 amino acid N-terminal extension. We fused this extension to EB3-GFP and found that it had no effect on the capacity of the protein to suppress catastrophes. In contrast, substitution of the fi rst 29 amino acids of EB3 for the corresponding residues of EB2 in the presence or absence of the EB2-specifi c N-terminal extension sig- Interestingly, the monomeric EB3-NL-mVenus had a very similar, albeit a weaker effect, compared with the full-length protein (Fig. S3 B, Table III ), indicating that, at least in conditions used by us in vitro, EB3 does not act through a dimerizationdependent tubulin multimerization, as has been proposed previously ( Slep and Vale, 2007 ) . Further, these results show that catastrophe suppression observed in cells is most likely not an intrinsic activity of EB3.
Discussion
The EBs are highly conserved proteins, which can target growing MT tips on their own and are involved in the recruitment of numerous other +TIPs to MT ends, suggesting that they hold the key to understanding the plus-end tracking phenomenon. Using in vitro and in vivo approaches we have shown that a single EB CH domain is necessary and suffi cient for specifi c association with growing MT ends. The linker region, adjacent to the CH domain, as well as the C-terminal dimerization domain, can contribute to MT tip accumulation but are not essential because EB3-N-FKBP and EB3-N-LZ, which lack these domains, still track MT plus-ends. This indicates that a single CH domain is the primary determinant of MT plus-end recognition.
Although dimerization is not required for plus-end tracking, EBs do exist as dimers ( Honnappa et al., 2005 ; Slep et al., purple) . Interestingly, most of the residue differences found at the N terminus of EB3-CH domain and EB2-CH domain cluster around a patch of residues formed by the conserved sequence segment 16-SRHD-19, which is critical for MT binding ( Fig. 8 C ,  red) . In contrast, differences between EB3 and EB1 are less pronounced: the few residue substitutions are mostly localized in regions that do not affect MT end accumulation ( Fig. 8, C and D , green and orange). These fi ndings help to explain why EB3 and EB1 display similar MT binding and catastrophe suppression behaviors, and why EB2 activity is distinct.
EB3 promotes MT catastrophes in vitro
To address whether anti-catastrophe activity is an intrinsic property of EBs, we analyzed the impact of the full-length and mono meric EB3 on MT dynamics reconstituted with purifi ed tubulin in vitro, by imaging MTs with differential interference contrast (DIC) microscopy. The full-length EB3 (with or without the GFP tag) increased MT growth velocity and the frequency of catastrophes and rescues (Fig. S3 B, Table III ). This is in line with some previous work on EB1 and Mal3 ( Bieling et al., 2007 ; Vitre et al., 2008 ) , although little effect on MT dynamics in vitro was found in another study ( Dixit et al., 2009 ) , and catastrophe suppression by EB1 was described in yet another paper ( Manna et al., 2007 ) . These differences are possibly due to use of different tubulin preparations and assay conditions. fi ed proteins. An important conclusion of our study is that this change can be brought about by a monomer of a CH domain with an adjacent linker sequence. We favor the idea that EB accumulation changes the structure of the MT tip ( des Georges et al., 2008 ; Vitre et al., 2008 ) , and thus promotes MT growth but also increases the probability of a catastrophe in vitro.
To explain the discrepancy between the in vitro and in vivo results, we propose that the activities measured in these conditions are fundamentally different. This is supported by the fact that the structural requirements for the observed effects are different as well: in cells, only EB3 mutants that form dimers inhibit catastrophes, whereas in a purifi ed system a considerable effect on MT dynamics is produced by monomeric EB3. What we measure in cells is most likely not an intrinsic activity of the EBs, but rather their effect on activities of other MT-regulating factors.
Because the EBs bind to multiple +TIPs, it was important to determine if their catastrophe-suppressing activity depends on direct interactions with any of these factors. Two lines of evidence suggest that this is not the case. First, we have shown that EB1 or EB3 lacking the C-terminal acidic tail essential for interactions with the major EB partners are suffi cient to completely restore processive MT growth in EB1/EB3-defi cient cells. Second, an artifi cial EB3 dimer, which lacked the whole 2005 ). Unexpectedly, these dimers readily exchange their subunits in cells and as purifi ed proteins in vitro. This property seems to be more pronounced for EB1 and EB3, compared with EB2. We show that heterodimerization between EB1 and EB3 occurs at endogenous expression levels; it might increase the structural and functional diversity of the EBs. Subunit exchange between EB dimers also explains why overexpression of the C-terminal EB1 fragment has a dominant-negative effect on the endogenous EBs. Until now, overexpression of the EB1 or EB3 C termini was mainly used as a tool aimed at hindering the interaction between the EBs and their binding partners ( Askham et al., 2002 ; Wen et al., 2004 ; Zhou et al., 2004 ; Etienne-Manneville et al., 2005 ; Geraldo et al., 2008 ) . Our fi ndings indicate that the data obtained by overexpression of these EB fragments must be interpreted with caution because EBs themselves are their primary targets.
By using a combination of approaches we show that in cells EBs (in particular EB1 and EB3) have little effect on MT growth rate or rescues, but suppress catastrophes. This is in line with observations in fi ssion yeast and in Xenopus extracts, where EB homologues displayed an anti-catastrophe activity ( Tirnauer et al., 2002 ; Busch and Brunner, 2004 ) . In contrast, in our hands EB3 increases MT growth velocity and promotes both catastrophes and rescues when MT dynamics is reconstituted with puri- Figure 8 . Structural analysis of EB-CH domains. (A) Sequence alignment of the three human EB homologues. Residue assignment and secondary structure elements are indicated on the top of the alignment. Residues colored in red and green indicate the differences between EB3 and EB2 (EB2 sequence) and EB3 and EB1 (EB1 sequence), respectively. Residues highlighted in blue in the EB1 sequence were shown to affect MT association in cells; in gray, residues that do not affect MT binding ( Slep and Vale, 2007 ) . (B) X-ray crystal structure of EB3-CH domain (yellow ribbon) overlaid onto the ones of EB1 (green ribbon; PDB entry 1pa7) and Bim1 (magenta ribbon; PDB entry 2qjx). (C and D) Two views of the EB3-CH domain, 150 ° apart and in surface representation. EB3 residue assignments are indicated. Both panels depict sequence differences between EB3 and EB2 and between EB3 and EB1. The color code is the same as in (A) with the addition that simultaneous residue changes in both EB1 and EB2 are indicated in orange if it is unknown whether they infl uence MT binding, light orange if they do not affect MT binding, and in purple if they do ( Slep and Vale, 2007 ) .
interior and a strong accumulation of dynamic MT ends near the cell margin. The existence of long and continuous MT tracks facilitates the traffi c between the cell center and cell periphery; it also favors the interactions of dynamic MT ends with the cell cortex that is essential for cell polarization and migration.
Materials and methods
Protein and shRNA expression constructs, co-IP, and Western blotting Human EB3-GFP was described by Stepanova et al. (2003) ; pSuper-based vectors to knock down EB1, EB2, EB3, and the control vector (expressing luciferase-specifi c shRNA), EB1 rescue constructs, and the EB2 expression construct (based on mouse cDNAs) were described by Komarova et al. (2005) . HA-tagged EB1 deletion mutants were generated by a PCR-based strategy and subcloned into the pEGFP-N1 vector (Clontech Laboratories, Inc.), which was modifi ed by substituting the GFP open reading frame by a triple HA tag. Homodimerization domain FKBP and the rapamycinderived homodimerizer AP20187 were obtained from Ariad (http://www .ariad.com/wt/page/regulation_kits). Different EB3 constructs and EB2-EB3 chimeras were generated by PCR and cloned into pEGFP-N1 or pEGFP-C1. GFP-EB3 ⌬ Ac was generated in pEGFP-C1 with a linker sequence AQAGGSGGAGSGGEGAVDG inserted between GFP and EB3. EB3-NL-mVenus was cloned into pEGFP-N1 from which the GFP open reading frame was removed; mVenus was generated by introducing the A206K mutation ( Zacharias et al., 2002 ) into the Venus-encoding plasmid (a gift of A. Miyawaki; RIKEN, Wako City, Japan). mCherry-␣ -tubulin ( Shaner et al., 2004 ) was a gift of Dr. R.Tsien (UCSD, La Jolla, CA).
For co-IP experiments COS-1 cells were transfected by the DEAEdextran method, lysed 2 d after transfection, and the lysates were used for co-IP with anti-HA antibodies as described by Hoogenraad et al. (2000) .
Cloning, protein preparation, and SLS analysis
Construction of the bacterial EB1c expression vector is described by Honnappa et al. (2005) . Human EB1, EB2c, EB3, and EB3c were PCRamplifi ed from human EB1, EB2, and EB3 full-length cDNA clones (provided by W. Bu; University of Texas, Houston, TX). Using the Gateway cloning system (Invitrogen) all PCR products were subcloned into a pDONR221 vector by BP reactions and thereafter cloned by LR reactions into a pDEST17 vector according to the manufacturer ' s instruction. Proteins were expressed in Escherichia coli BL21 (DE3) and purifi ed on HiTrap Ni 2+ -Sepharose chelating columns (GE Healthcare) as described previously ( Honnappa et al., 2005 ) . After cleavage of the 6xHIS-tag by thrombin at 4 ° C overnight, the proteins were gel fi ltrated on a Superdex-200 column (GE Healthcare) equilibrated in 20 mM Tris-HCl, pH 7.4, 0.15 M NaCl, and 2 mM dithiothreitol. GFP-EB3 and mCherry-EB3 (containing the same linker as GFP-EB3-⌬ Ac) and EB3-NL-mVenus were subcloned into pET-28a and purifi ed as described above; the 6xHIS-tag was not removed.
C-terminal partner-binding domain, displayed a signifi cant catastrophe-inhibiting activity.
On the other hand, catastrophe suppression by the EBs in cells is strongly correlated with their capacity to bind MT tips because dimerization and the presence of the linker region have a positive effect on both properties. Furthermore, EB2, which binds MT tips less prominently compared with EB1 and EB3, is also a much less potent inhibitor of catastrophes. In this respect, EB2 behaves similar to monomeric EB3-NL, which is also unable to support processive MT growth or effi ciently compete with full-length EB1 and EB3 for the binding sites at MT ends. The relevant differences between EB2 and EB1/EB3 may indeed infl uence MT binding because they cluster around CH domain residues important for MT plus-end accumulation ( Fig. 8, C and D ) . These results suggest that the EBs suppress catastrophes through an interaction with MTs. The EBs could stabilize contacts between protofi laments or the lattice seam, as previously suggested ( Sandblad et al., 2006 ; Vitre et al., 2008 ) . They could thus counteract the function of MT-destabilizing factors either directly, by occluding binding sites on the MTs, or indirectly, by altering the MT tip structure.
Although in an in vitro reconstitution system the EBs also infl uence MT growth rate and the frequency of rescues, this seems not to be the case in cells. It should be noted that in our experiments we were unable to achieve a complete depletion of all three EBs; therefore, we cannot exclude that a more complete knockdown would have an effect on these parameters. Still, it is noteworthy that although EB1 and EB3 directly bind to several important MT rescue factors, such as the CLIPs ( Komarova et al., 2002a ( Komarova et al., , 2005 , they have very little effect on MT rescue. On the other hand, loss of the CLIPs from MT plus-ends does not affect catastrophes ( Komarova et al., 2002a ). It appears, therefore, that in spite of their direct interaction, the CLIPs and the EBs act on MTs independently, similar to the situation in fi ssion yeast ( Wolyniak et al., 2006 ) . The seemingly independent actions of the EBs and the CLIPs ensure low MT catastrophe and high rescue frequencies, thus resulting in persistent MT growth in the cell The number of events measured for each condition ( n ) is indicated below each measurement. Growing and shortening rates were determined from kymograph slopes corresponding to individual growth or shrinkage phases. An average rate was determined as an average over all events weighted with the time of individual events ( ± weighted SD). Transition frequencies were determined as a number of events divided by time spent in the growing or shrinking phase, respectively.
tip was determined based on the profi les of the expressed EB family members in the case when other members were depleted.
Live imaging, image processing, and quantifi cation of MT dynamics
Microinjected CHO-K1 cells were imaged on the Nikon Diaphot 300 inverted microscope equipped with a Plan 100x, 1.25 N.A. objective and YFP, GFP, and Cy3 fi lter sets. Cells injected with Cy3-tubulin were treated with the oxygen-depleting preparation, Oxyrase. 16-bit images were collected with a CH350 slow-scan, cooled CCD camera (Photometrics Ltd.) driven by MetaMorph software (MDS Analytical Technologies). The images were projected onto the CCD chip with a resolution of 0.09 μ m/pixel. Timelapse series of 50 -150 images were collected at 2 -3-s intervals. For transfection-based experiments, cells were imaged on the inverted Nikon Eclipse TE2000E microscope equipped with a CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), equipped with a QuantEM EMCCD camera (Roper Scientifi c) controlled by MetaMorph software. For excitation we used an HBO 103 W/2 Mercury Short Arc Lamp (Osram) and a Chroma ET-GFP fi lter cube. Images were collected with ‫ف‬ 0.5-s exposure in a stream mode. Total internal refl ection fl uorescence microscopy (TIRFM) imaging for the in vitro plus-end tracking assay was performed on the same setup, using the 113-mW, 488-nm laser line of an argon laser (Spectra-Physics Lasers) and 11-mW, 561-nm diode-pumped solid-state laser (Melles Griot) for excitation. For separation of emissions we used DualView (Optical Insight) with emitters HQ530/30M and HQ630/50M (Chroma Technology Corp.) and the beam splitter 565DCXR (Chroma Technology Corp.). The 16-bit images were projected onto the CCD chip at a magnifi cation of 0.067 μ m/pixel with the intermediate magnifi cation 2.5x. Photobleaching was performed with the same setup using the scanning head FRAP L5 D -CURIE (Curie Institute) and 113-mW 488-nm laser line of argon laser (Spectra-Physics Lasers).
MT dynamics parameters were measured manually using 16-bit images in MetaMorph software; SigmaPlot software was used for statistical analysis and plotting of graphs as described elsewhere ( Komarova et al., 2002a , b ) . MT life histories were plotted as length ( μ m) versus time (s). Instantaneous growth and shortening rates were calculated as displacement of the growing or shortening plus-ends between successive frames in a time-lapse series for the data presented in Tables I and II and Figs. 2 and 4 , and by using kymograph analysis for Fig. S5 . Transition frequencies were quantifi ed using YFP-CLIP-170 tracks, direct or subtracted images of labeled MTs ( Vorobjev et al., 1999 ) . Quantifi cation of the MT length distribution along the cell radius was performed as described elsewhere ( Komarova et al., 2002a , b ) .
Images were prepared for presentation with Adobe Photoshop by cropping and adjusting contrast and levels. Additional processing is indicated in the fi gure legends.
In vitro plus-end tracking assay
Plus-end tracking assay was performed as described by Bieling et al. (2007) , with some modifi cations. Flow chambers were assembled between a precleaned glass coverslip and a microscopy slide that were glued together using Dow Corning high vacuum silicone grease (Sigma-Aldrich). The chamber was incubated with 0.2 mg/ml PLL-PEG-biotin (Susos AG) in assay buffer (80 mM K-PIPES, pH 6.8, 4 mM MgCl 2 , and 1 mM EGTA) and after rinsing with 1 mg/ml streptavidin in the assay buffer. Short MT seeds were prepared by incubation of 30 μ M tubulin mix containing 17% biotin-tubulin and 6% rhodamine-tubulin (Cytoskeleton, Inc.), with 1 mM GMPCPP (Jena Bioscience) at 36 ° C for 20 min. The seeds were diluted 10-fold with 2 M taxol (Cytoskeleton, Inc.) in assay buffer and further incubated for 10 min at 36 ° C. We used the same tubulin batch to prepare seeds and in the polymerization mix. The seeds were specifi cally attached to the functionalized surface by biotin-streptavidin links. The fl ow chamber was blocked by incubation with 1 mg/ml -casein. Accumulation of GFP-tagged +TIPs at the ends of dynamic MTs was observed in the presence of 15 μ M tubulin in the assay buffer supplemented with 1 mM GTP, 0.2 mg/ml -casein, 0.1% methylcellulose (4000cP; Sigma-Aldrich), and an oxygen scavenger system (50 mM glucose, 400 μ g/ml glucose-oxidase, 200 μ g/ml catalase, and 4 mM DTT). The samples were sealed with candle wax. During experiments the samples were kept at 26 ± 1 ° C; images were collected using TIRFM.
Measurement of MT dynamics in vitro using DIC microscopy
MTs were nucleated from seeds (prepared as described above, but without rhodamine-tubulin) bound to the surface of a fl ow chamber as described above. MT growth was initiated by fl owing in a solution containing 15 μ M tubulin, 1 mM GTP, and EB3 constructs (at a concentration of 0.2 or 1 μ M) in assay buffer supplemented with 50 mM KCl, 0.1% methyl cellulose, 0.3 mg/ml -casein, and an oxygen scavenger system. MTs were imaged by video-enhanced DIC microscopy, using an inverted microscope (DMIRB; Leica) equipped with a 100x/1.3 N.A. oil immersion objective (HCX PL SLS analysis was performed by using a miniDAWN TriStar equipped with an Optilab rEX refractometer (Wyatt Technology corp.), which was coupled to a Superose 12 10/30 (GE Healthcare) size exclusion column run on an Agilent 1100 HPLC. 100 μ l of ‫ف‬ 1 mg/ml protein solution was injected onto the column equilibrated in 20 mM Tris (pH 7.4), supplemented with 150 mM NaCl. Samples were eluted at a constant fl ow rate of 0.5 ml/min. The shape-independent molecular masses were determined with the Wyatt Astra v4.90.08 software package.
EB heterodimer formation was monitored by native PAGE analysis following an SDS-free Laemmli system. 100 μ M EB protein solutions were mixed in different ratios and incubated for 5 min at 37 ° C. EBc heterodimers and EBc/EB full-length heterodimers were analyzed at 4 ° C on 15% and 9% native PAGE gels, respectively.
Crystal structure determination and modeling EB3 CH domain (1.7 mM; residues 1 -130) was crystallized at 20 ° C by mixing equal volumes (0.2 μ l) of protein solution with the reservoir solution (40 mM potassium phosphate, 16% PEG 8000, and 20% glycerol) using the sitting drop method. Synchrotron datasets were collected at the Swiss Light Source (Villigen PSI, Switzerland) protein beam line X06SA on a pixel counting PILATUS 6M detector. X-ray diffraction data were collected at 100 K. Data collection and refi nement statistics are given in Table S1 (available at http://www.jcb.org/cgi/content/full/jcb.200807179/DC1). The structure was solved by molecular replacement using a search model based on the crystal structure of the EB1 CH domain (PDB ID code 1PA7).
We failed to crystallize the EB2 CH domain; however, because of the high sequence conservation between the CH domains of EB2 and EB1 (sequence identity and sequence similarity of 77% and 91%, respectively) we modeled the structure of EB2 CH (residues 44 -173) using the SWISS-MODEL software package ( Arnold et al., 2006 ) and using the EB1 CH structure (PDP ID 1PA7) as a template. Structural fi gures were prepared with the program PyMOL (De-Lano Scientifi c, LLC).
Cell culture, transfection, and microinjection
The CHO-K1 cell line stably expressing YFP-CLIP-170 was described previously ( Komarova et al., 2005 ) . To introduce different expression vectors into cells we used microinjection or transient transfection. Cells were plated sparsely on coverslips with photoetched locator grids (Bellco Glass) and 12 -24 h later they were microinjected with different shRNA-expressing plasmids into nuclei. The needle concentration was 100 μ g/ml for RNAi plasmids and 70 μ g/ml for EB expression constructs in the rescue experiments with EB1, EB2, or EB1 ⌬ Ac. To observe MT behavior directly we used a CFPexpressing EB1/EB3 shRNA construct ( Komarova et al., 2005 ) ; CFP-positive cells were microinjected into the cytoplasm with Cy3-labeled tubulin at a needle concentration of 10 mg/ml. Cells were fi xed or used for live observation 72 -90 h after microinjection. In experiments where cotransfection of shRNA and rescue constructs was used, cells were transfected with FuGene 6 (Roche) at 50% confl uence, replated at low density on coverslips 24 h later, and analyzed by live imaging after an additional 72 h in culture.
Antibodies
We used rat monoclonal antibodies KT51, KT52, and KT53 against EB1, EB2, and EB3 proteins (Absea); mouse monoclonal antibodies EB1 and EB3 (BD Biosciences), HA tag (Babco), a rat monoclonal antibody against ␣ -tubulin (YL1/2; Abcam), and rabbit antibodies against EB3 (02 -1005-07; Stepanova et al., 2003 ) and GFP (Abcam and Invitrogen). The following secondary antibodies were used: alkaline phosphatase -conjugated anti -rabbit and anti -mouse antibodies (Sigma-Aldrich), TRITC-and FITCconjugated donkey anti -mouse and anti -rabbit and Cy5-conjugated antirat antibodies (Jackson ImmunoResearch Laboratories).
Immunostaining and analysis of EB protein accumulation at the MT tips
Cell fi xation and staining were performed as described previously ( Komarova et al., 2002a ) . Fixed samples were analyzed by fl uorescence deconvolution microscopy using a DeltaVision microscope system equipped with an Olympus IX70 inverted microscope and a PlanApo 60x 1.4 NA objective. We used x2 binning that gave a resolution of 0.22 μ m/pixel. Images were prepared for presentation using Adobe Photoshop. Analysis of fl uorescence intensity distribution of EBs along MT ends was performed using MetaMorph and SigmaPlot software as described by Komarova et al. (2005) . In brief, the intensity profi les from different microtubule ends were aligned based on the strong increase in pixel intensity compared with the background (the point where pixel intensity abruptly changed was considered as the microtubule tip). Because line-scan analysis was performed on the combined three-color images (obtained using DeltaVision software) and there was no obvious chromatic shift, the position of the microtubule Figure S1 demonstrates the effect of EB1-C ⌬ Ac overexpression on the accumulation of endogenous EBs at the MT tips. Figure S2 shows the extent of EB1/EB3 depletion after nuclear microinjection, illustrates MT dynamics in a control and an EB1/EB3-deleted cell, and the visualization of MT outgrowth from the centrosome using photobleaching. Figure S3 shows size exclusion chromatography profi les of purifi ed EBs and representative kymographs illustrating MT plus-end dynamics in vitro with and without EB3. Figures S4 and S5 show histograms of MT growth track lengths and the average MT growth rate in different conditions. Videos illustrate MT growth in control and EB1/EB3-depleted cells using YFP-CLIP-170 or Cy3-labeled tubulin, and plus-end tracking behavior of the full-length EB3 and its monomeric N-terminal fragment in vitro. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.200807179/DC1.
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